Pirin is a nuclear nonheme Fe protein of unknown function present in all human tissues. Here we describe that pirin may act as a redox sensor for the nuclear factor κB (NF-κB) transcription factor, a critical mediator of intracellular signaling that has been linked to cellular responses to proinflammatory signals and controls the expression of a vast array of genes involved in immune and stress responses. Pirin's regulatory effect was tested with several metals and at different oxidations states, and our spectroscopic results show that only the ferric form of pirin substantially facilitates binding of NF-κB proteins to target κB genes, a finding that suggests that pirin performs a redox-sensing role in NF-κB regulation. The molecular mechanism of such a metal identity-and redox state-dependent regulation is revealed by our structural studies of pirin. The ferrous and ferric pirin proteins differ only by one electron, yet they have distinct conformations. The Fe center is shown to play an allosteric role on an R-shaped surface area that has two distinct conformations based on the identity and the formal redox state of the metal. We show that the R-shaped area composes the interface for pirin-NF-κB binding that is responsible for modulation of NF-κB's DNAbinding properties. The nonheme Fe protein pirin is proposed to serve as a reversible functional switch that enables NF-κB to respond to changes in the redox levels of the cell nucleus.
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metalloprotein | coregulator | reactive oxygen species (ROS) | oxidative stress | signal transduction activation T he transcription factor, nuclear factor κB (NF-κB), discovered in 1986 (1, 2) , is a ubiquitous cellular regulator widely recognized as a critical mediator of intracellular signaling for immune/ inflammatory response including oxidative stress (3) (4) (5) . NF-κB is a family of structurally related and functionally conserved dimeric proteins that consist of RelA (p65), RelB, c-Rel, p50, and p52. All members can form both homo-and heterodimers with different physiological functions and gene targets (6) (7) (8) . NF-κB proteins bind and activate several hundred κB genes in response to activating stimuli (9) (10) (11) . The activity of NF-κB is tightly controlled by regulatory proteins and cofactors collectively known as coregulators (12, 13) . Complex regulatory networks exist to ensure that NF-κB is activated only by appropriate stimuli and is then inactivated when no longer needed (14) (15) (16) . NF-κB typically resides in the cytoplasm in an apparently inhibited state, bound with an inhibitory protein known as IκBα. Previous studies have established that NF-κB activation is first achieved by phosphorylation of the inhibitory protein IκBα to liberate NF-κB proteins to their free forms. Next, NF-κB proteins are translocated to the nucleus where, with the help of coregulators, they will orchestrate the cascade of signaling responses to the external stimuli. At present, the precise roles played by the coregulators in the cell nucleus are poorly understood.
Winnacker and coworkers in 1997 identified a highly conserved human protein by using nuclear factor I as a "bait protein" and named it pirin (17) . This previously unknown protein is expressed in all human tissues. Biochemical data suggest that pirin is a nuclear protein composed of 290 aa, ca. 32 kDa (17) . Experiments using genomic Southern and Western blots have demonstrated the presence of pirin genes and their expression in dot-like subnuclear structures that represent loci of specific nuclear processes, including DNA replication and/or RNA polymerase II transcription (17) . Pirin has been found to form tight complexes with the inducible antiapoptotic transcription factor NF-κB p50 homodimer and the B-cell lymphoma 3-encoded protein Bcl-3 (18) . In a gel mobility shift assay using cell lysates, pirin was shown to enhance the DNA-binding activity of the p50-Bcl-3 complex (18) . These observations led to the initial suggestion that pirin functions as a coregulator in the NF-κB transcription complex (18) . However, such a proposed regulation has not been confirmed and the mechanism of it is completely unknown.
In the subsequent studies by various laboratories, pirin was found to be a nonheme iron-binding protein that belongs to an ancient redox-sensitive subclass of proteins in the cupin superfamily (19) (20) (21) . Pirin has additionally been linked to the metastasis of melanoma cells (22, 23) . It has been shown that pirin expression is significantly up-regulated in the spleen and kidney of cytosolic superoxide dismutase (SOD)-deficient mice (24) . Similarly, upregulation of pirin expression by chronic cigarette smoking has been associated with bronchial epithelial cell apoptosis (25) . The crystal structure of pirin at 2.1-Å resolution reveals a ferrous site that is octahedrally coordinated with three histidines, one glutamate, and two water molecules (19) . In the present work, we describe that pirin substantially facilitates the DNA binding of NF-κB p65 to the IgκB gene when the metal center is a ferric ion. An unprecedented redox regulation mechanism is proposed from the previous studies and the results are described below.
Results
Human Pirin Facilitates the DNA Binding of p65 to the κB Gene in a Redox-State-Dependent Manner. We studied the effect of pirin on the binding affinity of p65 (residues 21-325) (26) homodimers to the Ig κB target sequence (IgκB) by testing isolated protein, using surface plasmon resonance (SPR) spectroscopy. The first significant observation is that Fe(III)-pirin, generated by oxidizing Fe(II)-pirin with ferricyanide, or O 2 in a relatively slower oxidation process, and verified by electronic paramagnetic resonance (EPR) spectroscopy substantially enhanced p65 binding to the IgκB target site (Fig. 1A) . In the presence of 0-25 μM Fe(III)-pirin, the binding was a two-phase process: a fast phase in the first 60 s with k on1′ = 1.1 × 10 6 M −1 ·s − 1 and a slow association phase after 60 s with k on2′ = 0.02 M −1 ·s −1 . The buffer rinse resulted in the loss of only a small amount of mass presumably due to washing away of nonspecifically bound proteins observed in the slower binding phase. The binding is very tight, with virtually no dissociation after removing nonspecifically bound proteins. This is unique experimental evidence of pirin interacting with p65 and dramatically enhancing the binding affinity for p65 to the κB site. In contrast, Fe(II)-pirin does not affect p65 binding to the IgκB site. The dose response with the truncated p65 is shown in Fig. 1B . The sequence specificity of pirin's effect on p65 was further established by performing the same SPR experiment using a nonspecific DNA sequence.
To determine whether other transition metal ions can function in place of the iron cofactor, apo-pirin was prepared from Fedepleted minimal medium and charged with divalent metal ions. Co-, Mn-, and Ni-reconstituted proteins were stable and contained about 0.6 metal ions per molecule of pirin as determined by inductively coupled plasma optical emission spectrometry (ICP-OES) analysis (Table S1 and SI Materials and Methods). These metal-substituted pirin proteins had minimal effects on p65 and were unable to achieve the effect observed for NF-κB with ferric pirin (Fig. 1C) . We wondered whether a metal, other than iron, with correct valence state (i.e., trivalent) would make pirin active. We oxidized Mn(II)-pirin protein, using potassium ferricyanide. After an overnight incubation, the protein was desalted to remove the oxidant and crystallized. As the oxidation state rises, each metal ligand increases its bond length in the Mn-substituted pirin metal center, a scenario similar to what is observed in Fe-pirin structures. The change of the oxidation state of pirin was validated by low-temperature EPR spectroscopy measured before and after the oxidation reaction by the disappearance of the Mn(II) EPR signal. This is the same method we used to generate Fe(III)-pirin from Fe(II)-pirin, with the exception of a shorter incubation time (4 h) after which the colorless Fe(II)-pirin turned into a pale yellow-colored solution and a high-spin (S = 5/2) ferric EPR signal was fully developed from the EPR-silent state. As shown in Fig.  1C , the Co(II)-, Mn(II)-, and Mn(III)-substituted pirin proteins have little or no activity toward NF-κB. A similar effect was also observed by fluorescence spectroscopy. When the 5′-FAM-labeled κB DNA was titrated by p65 in the absence of pirin, the 520-nm emission intensity increased as previously reported (27) . In contrast, the titration using p65 and Fe(III)-pirin induced an increase in emission signal intensity that was nearly fourfold larger than that using p65 alone, an effect not seen when pirin is complexed with other metals such as Co(II) and Cu(II) (Fig. S1 and SI Materials and Methods). The change in fluorescence intensity as a function of p65 concentration resulted in a sigmoidal curve, indicative of the binding cooperativity previously reported in studies of NF-κB and DNA interactions (27) . All of the available reducing agents affect the fluorescein in FAM and resulted in less excitation energy. Thus, the fluorescence assays with Fe(II)-pirin cannot be performed in the current stage.
Pirin's effect on NF-κB was further investigated with native NF-κB proteins in cell lines. Fig. 1D shows the effect of isolated pirin on the nuclear extract from HeLa cells, which were not under redox stress; i.e., the NF-κB proteins were not yet induced for activation. The freshly prepared nuclear extract (at a total protein concentration of 0.08 μg/mL) was injected into the IgκB-coated SPR sensor chip simultaneously with exogenous Fe(III)-pirin. The inclusion of isolated Fe(III)-pirin protein with the nuclear extract increased binding by about 25-fold compared with that with the extract alone. Fe(II)-pirin and metal-substituted pirin were unable to induce the same effect.
Protein-DNA Supercomplex in the Presence of Pirin Is Compact and Rigid. We also tested whether NF-κB and the DNA change their structures after forming a complex. Quartz crystal microbalance with dissipation (QCM-D) was used to monitor pirin's effect on the conformation of the p65-DNA complex (Fig. 1E) . The plot of the change in dissipation (ΔD) vs. the shift in frequency (Δf) displays a more moderate slope when pirin is present (Fig. 1F) . A less steep ΔD vs. Δf slope indicates a more compact, rigid layer formed upon the sensor (28) . This result suggests that the conformation of the supercomplex is altered with respect to the NF-κB and DNA mixture. This observation is also consistent with previous studies showing that κB sequences are bent to various degrees upon NF-κB binding (6, 29) . DNA bending is a common prerequisite to the formation of a fully active transcriptional complex (30) .
Pirin-NF-κB-DNA Supercomplex Dissociates by Added Reducing Agent.
We determined the midpoint reduction potential (E m ) for the ferrous/ferric couple of pirin by cyclic voltammetry. The resulting curve shown in Fig. 2A resembles published data on the nonheme Fe B of nitric oxide reductase (31) . At pH 7.4, the E m value is +80 mV vs. an Ag/AgCl electrode. This is 140 mV lower than what was determined for a structurally related protein, Fe-superoxide dismutase (32) , which is similarly coordinated by a 3-His-1-carboxylate protein ligand motif. EPR spectroscopic characterization shown in Fig. 2B provides further support that the high-spin ferric ion (S = 5/ 2) in pirin is slowly reduced by L-ascorbate (+58 mV) in a physiologically meaningful context (33) . The reduced ferrous ion in pirin is readily oxidized by O 2 .
If pirin is indeed a regulatory component in the NF-κB signaling transduction, it must be able to dissociate after the redox levels resume to normal. We designed a continuous SPR experiment to test whether L-ascorbate would be able to dissociate the pirin•p65•IgκB supercomplex (Fig. 2C) . First, the supercomplex was formed and the nonspecifically bound proteins were washed away by buffer. At this point, L-ascorbate was introduced to stimulate a shift in intracellular redox conditions to a less oxidative environment. Fig. 2C shows that L-ascorbate caused the protein supercomplex to dissociate in a dose-dependent manner, and buffer wash without the Lascorbate immediately halted the dissociation.
Redox State of the Fe in Pirin Affects the Conformation of a Specific R-Shaped Surface Area As Revealed by X-Ray Protein Crystallography.
To further our understanding of the structural impact of pirin metal center, especially the differences between the active Fe(III)-and inactive Fe(II)-pirin and the metal-substituted pirin variants, we determined multiple X-ray crystal structures of the active form of Fe(III)-pirin at 1.80-to 2.50-Å resolutions (Table S2 ). All of the pirin crystals, including ones we analyzed and previously published (19) , belong to the P2 1 2 1 2 1 space group with one molecule per asymmetric unit.
An apparent structural change is observed when the active ferric form of pirin is aligned with the inactive resting state of ferrous pirin. Fig. 3A shows that the deviations are primarily located on one face of the protein. The residues involved collectively account for ca. 20% of 290 total residues. Notable in our structural study, a specific, R-shaped surface loop area is identified that is substantially altered due to switching of the metal oxidation state. This area consists of residues 7-41 and 53-62, which includes the surface area surrounding the metal-binding cavity at the N terminus as well as the interface between the two cupin domains. Although the root-mean-square deviation (rmsd) of shift in the protein backbone of this R-shaped region between the Fe(II) and Fe(III) states is modest, the widespread coverage and especially the cumulative effect of the changes in the amino acid residues are extensive for a protein of this size. Both sheetto-coil transition and twist of orientations are observed in the R-shaped region. Four charged residues (Arg14, Arg23, Glu32, and Lys34) in the R-shaped region show two distinct conformations, depending on the oxidation state of Fe (Fig. 3B) . Arg14, for example, shifts 5.1 Å when comparing the two structures (Fig. S2) .
The structural data also provide clues for the cause of the extensive conformational changes. His56, His58, His101, and Glu103 are the coordination ligands at 2.1, 2.1, 2.3, and 2.3 Å distance from the Fe(II) ion, respectively. Whereas the histidine residues remain coordinated to the Fe ion at 2.1, 2.1, and 2.2 Å, the negatively charged ligand, Glu103, moves away from the Fe ion in the oxidized protein (Fig. 3C ). The Fe-Glu103 distance lies in 2.5-3.2 Å in multiple ferric pirin structures determined (Fig. S3 ). The variation may be caused by metal reduction during data collections at 100 K. Even though the overall protein structure still maintains at the oxidized state, the metal ligand distances may vary. Nonetheless, this is an unexpected observation and the positively charged Fe ion still sits in a highly negatively charged cavity. We noticed that Glu103 connects the R-shaped surface through a welldefined H-bond network (Fig. S4) . It is highly possible that redox state change-induced R-shape loop deviations are mainly triggered by the iron ion through Glu103.
Metal Identity Affects the Conformation of the R-Shaped Surface
Area. To understand the structural basis for the functional incapability of metal-substituted pirin proteins, we solved the X-ray crystal structures of Co-and Mn-substituted pirin ( Fig. 4 and Table  S3 ). A similar R-shaped conformational difference is observed when comparing the active form of ferric pirin with functionally inactive pirin variants charged with Co(II) and Mn(II) (Fig. S5 ). The changes in the R-shaped region are different from one transition metal to the next, but the location and direction of the conformation changes show the same general trend. To understand why oxidized Mn-pirin is not active, which has an oxidation state of +3, we determined its crystal structure. The structure of Mn(III)-pirin (at 2.15 Å resolution) indeed differs from that of Fe(III)-pirin, but the conformation differences are not the same as those for Mn (II)-pirin (1.56 Å resolution). 
R-Shaped Region on Pirin Interacts with the C-Terminal Domain of
NF-κB Proteins. The structural data led us to hypothesize that the R-shaped region is the key protein surface in pirin that directly interacts with p65. A docking model study was subsequently conducted using ZDOCK (34) to further investigate how pirin makes contacts with p65 (26) . The result suggests that the R-shaped surface region is the pirin·p65 interface (Fig. 5A ). The R-shaped region forms much of the central binding surface between the two proteins ( Fig. 5B ). The binding takes place at the C-terminal Rel homology domain. The most interesting finding from the docking study is the presence of four ion pairs interacting between pirin and p65. The R-shaped surface residues Arg14, Arg23, Glu32, and Lys34 of ferric pirin are electrostatically complemented by p65 residues Glu279, Glu282, Arg273, and Glu234 at distances of 3.2, 2.7, 3.0, and 3.5 Å, respectively, forming four ion pairs (Fig. 5B) . Interestingly, these four residues contribute to the major changes of the R-shaped region as shown in Fig. 3 . In contrast, these ion pair interactions are missing when the Fe(II)-pirin structure is used for docking.
The R-shaped region was tested by site-directed mutagenesis. R23E, E32V, K34V, and double-mutant S13R/R14W of the R-shaped region mutants were generated and analyzed. These pirin variants were reconstituted with Fe(II) and oxidized before SPR analysis in the same manner as for the wild-type protein. Fig. 6A shows that these mutations have a significant adverse effect on the binding of pirin to p65 compared with the wild-type protein, reducing the binding efficiency to one-to two-thirds of the wild type. Although there was less DNA binding in these mutants, the resulting supercomplex was still tightly bound and showed a similar lack of dissociation to that of the wild type. Q115N pirin was generated and used as a control along with wild-type pirin. Q115 is not part of the R-shaped region. It is located in the interior of the protein. Not surprisingly, Q115N essentially behaved the same as wild-type pirin. These results demonstrate that site-directed mutation of the surface loop residues dramatically changes the ability of pirin to facilitate p65 binding to the κB site and thereby supports the docking model. A 1.70-Å resolution crystal structure of the E32V mutant was obtained in its oxidized form (4HLT, Table S4 ). The structure shows that mutation of Glu32 disrupts the electrostatic interaction between Glu32 and Arg14 (Fig. 6B) . The two residues are within 3.2 Å in the ferric form of native pirin, but Val32 and Arg14 are 9.4 Å apart in E32V. Consequently, the position of the guanidinium group of Arg23 is also shifted. Among the four charged residues, Lys34 is the only residue that is nearly not affected by mutation. This structure provides a molecular rationale for the negative impact of the mutation. Together, these data validate the R-shaped region as the functionally important area of pirin for interaction with p65.
Discussion
On the basis of previous work and this study, it is concluded that human pirin is a redox sensor in the cell nucleus that functions as a coregulator of NF-κB. Fig. 7 presents an iron-dependent bioinorganic scheme for how NF-κB could respond to redox changes within the nucleus. Previous studies have established that NF-κB activation is first achieved by phosphorylation of the inhibitory IκB proteins in the cytoplasm to liberate NF-κB. Upon translocation of NF-κB to the nucleus, several layers of activation take place, involving different coregulators and mechanisms. In the nucleus, under normal reducing conditions, pirin resides in its inactive ferrous state. The results presented here show that, when the redox environment shifts to more oxidizing conditions, pirin responds by changing to its functionally active ferric form and turns on the transcription factor. This is a reversible redox process, depending on the oxidation state of the iron. The dependence of pirin on its iron cofactor is likely an additional contributing factor to the link between iron and NF-κB in the nucleus.
It remains to be determined whether the proposed nonheme iron protein-based redox switch operates in vivo. However, our findings are consistent with recent biological studies showing increased expression of pirin in response to oxidative stress (24, 35, 36) . Interestingly, pirin-like proteins in plants and prokaryotes have also been linked to stress-induced responses and programmed cell death (37) . Up-regulation of pirin expression by chronic cigarette smoking has been associated with bronchial epithelial cell apoptosis, presumably due to increased oxidative stress that triggers Nrf2-modulated genes including pirin (35) . The conclusion that the oxidation state and activity of pirin is regulated by cellular redox conditions is consistent with those previous findings proposing a role as a protector against oxidative stress. Thus, oxidative stress elevates both the expression of pirin and its activity. When redox levels are restored to normal reducing conditions in the cell nucleus, the transcriptional response induced by pirin may be ablated by reducing its expression and by losing its ability to form a complex with NF-κB and DNA. However, the present work does not exclude the possibility that there is another protein responsible for oxidizing pirin in the nucleus as a part of a signaling cascade.
Pirin has been proposed to be an important factor in cell differentiation (38) . In progenitor cells, the activation of pirin is an important event that alters the transcription profile of the cell to one that primes the cell for differentiation (38) . Reduced pirin expression is a common feature of acute myelogenous leukemia, which results in the proliferation of immature myeloid cells. Elevation in the concentration of reactive oxygen species (ROS) has been reported to facilitate differentiation in hematopoetic progenitor cells (39) .
Pirin uses a structure-based conformational switch to quickly, reversibly, and efficiently inform the transcription factor of the positive/negative shift of redox levels in the nucleus. The data presented here suggest that the Fe center in pirin is not its active site. Instead, the role of the Fe center is allosteric control. The R-shaped surface loop region is the site that interacts with p65. The two distinct conformational states on the R-shaped surface loop regions endow pirin with the ability to regulate NF-κB with full reversibility. This unique property distinguishes pirin from any other redox regulators of transcription factors, including the H 2 O 2 sensor PerR found in a bacterial source (40) . PerR and pirin are both redox sensors with a similar dependence on nonheme iron. Unlike human pirin, PerR itself is a transcription factor. The Fe ion of PerR participates in a Fenton-type reaction with H 2 O 2 . The result of this reaction is the formation of a hydroxyl radical that irreversibly oxidizes one of its histidine metal-binding ligands, resulting in a drastically altered protein conformation that is no longer able to bind to DNA (40, 41) . In contrast, the regulatory mechanism of redox sensing illustrated in Fig. 7 uses a reversible Fe(II)/Fe(III) oxidation state coupling and a consequent reversible conformational switch. The conformational variation of the R-shaped loop areas of pirin can respond accordingly to the oxidation level in the cell nucleus, which allows pirin to respond to redox potential shifts in both directions.
Materials and Methods
Protein Materials. The full-length (1-290 aa) untagged form of human pirin was cloned and expressed in Escherichia coli strain BL21(DE3) (Invitrogen). The purification of pirin protein consisted of ammonium sulfate fractionation and three major chromatographic steps including SP Sepharose, Superdex 75, and MonoS on an ÅKTA FPLC system. The metal-free apo-protein of pirin was isolated from iron-depleted minimum medium (42) and metal reconstitution details are given in SI Materials and Methods. p65 (19-291) was obtained from Jim Maher, III of Mayo Clinic College of Medicine (Rochester, MN) (43, 44) and isolated as described in the SI Materials and Methods. The purified p65 was treated with 10 equivalents of EDTA overnight and then desalted with 20 mM Tris·HCl buffer (pH 7.4) containing 50 mM NaCl and 5% (vol/vol) glycerol.
Metal Analysis. Metal contents of each pirin sample were determined by inductively coupled plasma optical emission spectrometry, using a Spectro Genesis spectrometer (Spectro Analytical Instruments GmbH). Calibration curves were obtained by measuring the standards at the concentrations of each element at 0, 0.1, 0.3, 0.5, 1.0, and 10 ppm (mg/L).
Nuclear
Products (Thermo Fisher Scientific), according to the manufacturer's protocols. Before injection, the extract was diluted to 0.08 μg/mL by the SPR binding buffer described above. The binding measurements were taken with the extract alone and together with added pirin (10 μM) protein.
DNA. The κB-site DNA used was synthetic oligonucleotide 5′-biotin-GAGTT-GAGGGGACTTTCCCAGGC-3′ (κB site is shown in boldface type). The singlestrand DNA was annealed to its complementary strand before use. A nonspecific DNA sequence of 5′-CCTATATGCGGCGTATATCC-3′ was used as a negative control.
Spectroscopy. SPR measurements were carried out on a Biacore T200 instrument (GE Healthcare). Biotinylated double-stranded IgκB DNA was immobilized to streptavidin-coated sensor chips, using standard procedures. The protein-DNA binding was carried out at 20°C. The effect of pirin upon NF-κB binding the IgκB sequence was studied by flowing the protein over the sensor chip and comparing the levels of DNA binding in the absence and presence of the putative coregulator protein. The final concentration of p65 was 50 nM in the SPR injection buffer whereas pirin concentration was varied from 0 to 25 μM. After injecting protein samples for 420 s, buffer was injected from 420 to 1,220 s to rinse the weakly bound proteins from the chip surface to monitor the dissociation of the protein or protein complexes. Vitamin C was injected at 980 s in the reversibility testing experiments. The sensor chip surface was regenerated with 0.1% SDS and 3 mM EDTA between each measurement. The anaerobic SPR experiments were performed using O 2 -free, argon-saturated buffer.
QCM-D measurements were performed on an E4 instrument (Q-Sense) with biotin-functionalized sensors. Streptavidin was flowed over the biotinylated surface, followed by biotin-labeled IgκB-site DNA for immobilization. The equilibrium buffer was 20 mM Tris·HCl (pH 7.4) containing 50 mM NaCl. In each measurement, a total volume of 500 μL was continuously injected at a flow rate of 150 μL/min followed by buffer injection for an additional 300 s. The net change in frequency and dissipation was calculated by subtracting the values recorded at the sample injection time from those recorded at the end of each rinsing step. This eliminated the influence of nonspecific, loosely bound proteins on the DNA-immobilized surface. The surface was regenerated between each sample injection by flowing through 0.05% SDS followed by the equilibrium buffer until the baseline was restored. The concentration of p65 was maintained at 0.5 μM, whereas pirin concentration varied between 0, 0.5, 1.5, 2.5, and 5 μM for each run of the sample application.
Fluorescence spectroscopy was performed on a Cary Eclipse fluorescence spectrophotometer from Agilent Technologies. Purified p65 was titrated into the fluorescence cuvette containing FAM-labeled double-stranded DNA with IgκB sequence in the presence or absence of Fe(III)-pirin or pirin reconstituted with other metal ions in 20 mM Tris·HCl buffer (pH 7.4) and 50 mM NaCl.
The midpoint redox potential of pirin was determined by using a singlewall carbon nanotube-modified electrode in a spectroelectrochemical cell hosted in a N 2 -filled, O 2 -free plastic bag. Pirin (500 μM) in 50 mM Tris·HCl (pH 7.4) was used in this study. The formal potential was obtained from the recorded cyclic voltammetry curves.
X-band EPR spectra were obtained in perpendicular mode on a Bruker E200 spectrometer at 100-kHz modulation frequency, using a high-sensitivity resonator ER4119HS at 10 K, maintained by an ESR910 liquid helium cryostat and an Oxford ITC503S temperature controller. Pirin (160 μL per sample, 200-450 μM) was prepared in a quartz EPR tube with 20 mM Tris·HCl buffer (pH 7.4) containing 50 mM NaCl.
Crystallization and X-Ray Structure Determination. Pirin was crystallized through optimization of the conditions previously established (19) by hanging-drop vapor diffusion in VDX plates (Hampton Research). Single crystals suitable for X-ray data collection were obtained from drops assembled with 1 μL protein solution layered with 1 μL reservoir solution containing 0.1 M MOPS buffer (pH 6.5), 15% PEG 20,000. Crystal growth took place in a vibration-free crystal growth refrigerator from Molecular Dimensions at 16°C. The crystals were mounted in small loops of fine rayon fiber and flash-cooled directly in liquid nitrogen after being dipped into the cryoprotectant solution that contained 0.1 M MOPS (pH 6.5), 17% PEG 20,000 and 30% ethylene glycol. Initial screening was carried out using a Rigaku MicroMax 007 HF Cu-rotating anode X-ray generator, operated at 40 V and 30 mA, and using a Saturn 944 CCD area detector at Emory University (Atlanta). X-ray diffraction data of Fe(III)-pirin, putative Fe(II)-bound peroxo pirin, Mn(III)-pirin, and Co(II)-pirin were collected by the Rigaku X-ray facility. X-ray diffraction data of Mn(II)-pirin were collected at the Southeast Regional Collaborative Access Team (SER-CAT) beamline 22-ID at the Advanced Photon Source (APS), Argonne National Laboratory, Argonne, IL. All data collection was performed at 100 K. The diffraction data were processed and analyzed as described in the SI Materials and Methods.
In Silico Docking of the Supercomplex. The docking model of pirin with p65 and κB DNA was constructed by using the ZDOCK utility and server (http:// zdock.umassmed.edu) (34) . The PDB files of ferric pirin (PDB ID: 4GUL) and p65 (PDB ID: 1RAM) (26) were used in model building. The top-ranked result shown in Fig. 5 involves the R-shaped area of pirin, which has been shown in the structural study to differ in conformation when the metal oxidation state changes or metal substitution occurs.
Experimental Validation of the Docking Study. The modeling results were further tested by site-directed mutagenesis experiments. The point mutants of pirin were generated by using the QuikChange II kit purchased from Qiagen (for details, see SI Materials and Methods). The sequences of the mutants were verified by DNA sequencing before expressing and purifying proteins. The procedures used for the expression, purification, metal reconstitution, and oxidation of the pirin variants were the same as described previously for the wild-type protein. The full-length (1-290 aa) untagged form of human pirin was cloned and expressed in Escherichia coli strain BL21(DE3) (Invitrogen). Cells were grown at 37°C in LB media with 50 μg/mL kanamycin until an OD 600 around 0.6-0.8 was achieved. Protein expression was induced by 0.4 mM isopropyl-β-D-thiogalactopyranoside. Cells were further grown for 16 h at 28°C before harvesting by centrifugation at 8,000 × g for 15 min. The cells were resuspended in the lysis buffer (15 mL/g cell pellet), which consisted of 20 mM HEPES (pH 7.5), 150 mM NaCl, 2 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride, 10 mM β-mercaptoethanol, and 5% glycerol. The cell membrane was broken by an automated Cell Disruptor made by Microfluidics (M-110P) to release proteins. After centrifugation at 27,000 × g for 30 min, the crude extract supernatant was subjected to ammonium sulfate fractionation. The fraction containing the target protein was redissolved in 20 mM MOPS (pH 6.5) buffer and desalted by a HiLoad G-25 column (2.6 × 30 cm). Pirin was purified from the desalted eluate to homogeneity through three subsequent major chromatographic separation steps (Hi-Load 2.6 × 20-cm SP-Sepharose, Hi-Load 1.6 × 60-cm Superdex 75, and Mono S 4.6/100 PE columns, respectively) in the MOPS buffer on an ÅKTA Protein Purifier system.
Preparation of Apo-Pirin. Metal-free (apo-) pirin used in the surface plasmon resonance (SPR) experiment was isolated from an iron-depleted minimum medium (1). The purified protein was treated with 10 equivalents of EDTA overnight and then desalted with 20 mM Tris·HCl buffer (pH 7.4) containing 50 mM NaCl and 5% (vol/vol) glycerol. The isolated protein was confirmed to be metal-free by inductively coupled plasma optical emission spectrometry (ICP-OES).
Metal Ion Reconstituted Pirin. Co(II), Mn(II), and Ni(II) (0.5 mM) were incubated with apo-pirin (0.05 mM) in 20 mM Tris·HCl buffer (pH 7.4) containing 50 mM NaCl. The reconstitution reaction was allowed to proceed, followed by a final desalting step to remove free ions. The Co(II)-, Mn(II)-, and Zn(II)-reconstituted pirin proteins were concentrated to ∼1 mM stock solution for further use.
The Fe(II) reconstitution reaction was initially carried out in an anaerobic chamber (COY Laboratory Products). Apo-pirin (0.05 mM) was incubated with 1.2 equivalents of ammonium iron(II) sulfate (i.e., Mohrs salt) in a reaction vial under O 2 -free conditions. The reaction vial was sealed with a rubber cap and parafilmed before being removed from the chamber. It was placed in an ice bucket overnight with gentle stirring. The reconstituted protein was used without further desalting to minimize potential oxidation.
Preparation of Fe(III)-and Mn(III)-Pirin. The oxidation of Fe(II)-pirin to Fe(III)-pirin was achieved by using an excess of potassium ferricyanide (5:1 ratio). After 4 h of incubation, the protein was desalted to remove the oxidant. Ferric pirin shows a pale yellow color, in contrast to the colorless Fe(II) oxidation state. Likewise, oxidation of Mn(II)-pirin to Mn(III) was achieved similarly with the exception of a longer incubation time (overnight). The change of the oxidation state of pirin was confirmed by low-temperature electronic paramagnetic resonance (EPR) spectroscopy measured before and after the oxidation reaction.
Site-Directed Mutagenesis of Pirin. The point mutants of pirin were generated by using the QuikChange II kit (Qiagen). The forward primer sequences used for site-directed mutagenesis were as follows (mutation sites are underlined):
The sequences of the mutants were verified by DNA sequencing before expressing and purifying proteins. The procedures used for the expression, purification, metal reconstitution, and oxidation of the pirin variants were the same as described previously for the wild-type protein.
Preparation of p65. The expression system of His-tagged human p65 (70 kDa, 21-325 aa) was kindly provided by Jim Maher (Mayo Clinic College of Medicine, Rochester, MN). p65 was expressed in E. coli strain BL21 and purified on an ÅKTA Protein Purifier system (GE Healthcare) according to previously published procedures with minor modifications, including using Cell Disruptor (Microfluidics; M-110P) for breaking the cell membrane and high-capacity and high-resolution resins in subsequent chromatographic separation steps (2, 3).
DNA Preparation. The κB-site DNA used in the SPR experiments was oligonucleotide 5′-biotin-GAGTTGAGGGGACTTTCCCA-GGC-3′ [the nuclear factor κB (NF-κB) binding site is highlighted in boldface type]. These sequence-specific oligonucleotides and their respective complementary counterparts were synthesized by Integrated DNA Technologies. The single-strand DNA was annealed to its complementary strand before use.
SPR Measurement with Isolated Proteins. Biotinylated IgκB-site DNA was immobilized to streptavidin-coated sensor chips, using standard procedures, and sensorgrams were generated using a Biacore T200 (GE Healthcare). The protein-DNA binding was carried out at 20°C in 20 mM Tris·HCl (pH 7.4), containing 50 mM NaCl and 0.005% surfactant P20 (GE Healthcare) at a 50 μL/min flow rate. Each sensor chip contained four channels, the first and third of which were reference channels that did not contain immobilized DNA, and they were used for a blank baseline reading that was subtracted from each measurement presented in the sensorgrams (channel 2 -1 and channel 4 -3, respectively). The second channel was used to study protein binding to IgκB-site DNA and the last channel was an additional control by which a nonspecific DNA sequence of 5′-CCTATATGCGGCGTATATCC-3′ was immobilized (1,000 response unit, about 1 ng/mm 2 of protein or DNA) (4). The effect of pirin upon NF-κB binding the IgκB sequence was studied by flowing the protein over the sensor chip and comparing the levels of DNA binding in the absence and presence of the putative coregulator protein. The final concentration of p65 and p50 was 50 nM in the SPR injection buffer while pirin's concentration was varied from 0 to 25 μM. In the p50 experiment, B-cell lymphoma 3-encoded protein Bcl-3 was included at a concentration of 25 nM. After injecting protein samples for 420 s, buffer was injected from 420 to 1,220 s to rinse the weakly bound proteins from the chip surface to monitor the dissociation of the protein or protein complexes. Vitamin C was injected at 980 s in the reversibility testing experiments. The sensor chip
R23E:
5′-GAAGGGGTTGGAGCGGAGGTCCGGAGAAGCATT-3′ E32V:
5′-AGCATTGGCAGACCCGTGTTAAAAAATCTGGAT-3′ K34V:
5′-GGCAGACCCGAGTTAGTGAATCTGGATCCGTTT-3′ Q115N:
5′-CATGGCCTAAACCTGTGGGTT-3′ S13R/R14W: 5′-AGTGCTCAGGTGGGAGCAGTC-3′
surface was regenerated with 0.1% SDS and 3 mM EDTA between each measurement.
SPR Measurements Under Anaerobic Conditions. To perform anaerobic Biacore experiments involving the aforementioned Fe(II)-pirin, the SPR system was primed with O 2 -free, argon-saturated 20 mM Tris·HCl buffer (pH 7.4) containing 50 mM NaCl and 0.005% surfactant P20 at least four times over 0.5 h. All of the proteins, including Fe(II)-pirin, were pretreated in sealed reaction vials attached to a Schlenk line by 20-30 gentle vacuum/argon cycles with stirring at 4°C. The SPR experiments were conducted with the argon-saturated buffer at 20°C.
SPR Measurements with HeLa Cell-Free Nuclear Extract. Nuclear extract of HeLa cells was prepared by using the subcellular protein fractionation kit for cultured cells from Pierce Protein Research Products (division of Thermo Fisher Scientific), according to the manufacturer's protocols. Before injection, the extract was diluted to 0.08 μg/mL by the SPR binding buffer described above. The binding measurements were taken with the extract alone and together with added pirin (10 μM) protein.
Analysis of the SPR Data. In the absence of pirin, the data of NF-κB binding to the IgκB sequence were fitted by the following onephase exponential association equation [Eq. S1] for calculating the binding rate constant (K on ),
where t represents injection time and R represents response unit.
In the presence of pirin, the binding curve in the sensorgrams exhibited a two-phase association pattern. The data of NF-κB binding were fitted to the following two-phase exponential association equation [Eq. S2] for calculating the binding rate constants (K on1 and K on2 , respectively):
The ferric pirin-induced p65 binding to the immobilized DNA is tight, so much so that virtually no significant dissociation was observed up to 72 h of continuous buffer injection and rinsing.
Quartz Crystal Microbalance-Dissipation Measurement. Biotin-functionalized sensors were purchased from Q-Sense. Streptavidin was flowed over the biotinylated surface, followed by biotin-labeled IgκB-site DNA for immobilization. The equilibrium buffer was 20 mM Tris·HCl (pH 7.4) containing 50 mM NaCl. The quartz crystal microbalance-dissipation (QCM-D) experiments were carried out with freshly prepared proteins after both frequency and dissipation baselines were stabilized. Simultaneous measurement at multiple-frequency overtones of the quartz crystal was conducted but only the data obtained with overtone n = 5 were taken for representation. For each measurement, a total volume of 500 μL was continuously injected at a flow rate of 150 μL/min followed by buffer injection for an additional 300 s. The net change in frequency and dissipation was calculated by subtracting the values recorded at the sample injection time from those recorded at the end of each rinsing step. This eliminated the influence of nonspecific, loosely bound proteins on the DNA-immobilized surface. The surface was regenerated between each sample injection by flowing through 0.05% SDS, followed by the equilibrium buffer until the baseline was restored. The concentration of p65 was maintained at 0.5 μM, while pirin's concentration varied between 0, 0.5, 1.5, 2.5, and 5 μM for each run of the sample application.
Fluorescence Spectroscopy. The FAM-labeled double-stranded DNA containing the IgκB sequence (DNA Preparation section) was added at a final concentration of 20 nM to a fluorescence cuvette with 0.5 mL binding buffer of 20 mM Tris·HCl (pH 7.4) and 50 mM NaCl. Purified p65 was then titrated into the fluorescence cuvette in the presence or absence of Fe(III)-pirin or pirin reconstituted with other metal ions. Each measurement was performed after 10 min of incubation to allow for complete protein-protein and protein-DNA interactions. The fluorescence measurements were performed on a Cary Eclipse fluorescence spectrophotometer (Varian, part of Agilent Technologies) with an excitation wavelength of 490 nm, an emission wavelength of 520 nm, and a slit width of 10 nm.
Electrochemical Study of Pirin by Cyclic Voltammetry. The midpoint redox potential of pirin was determined by using a single-wall carbon nanotube-modified electrode in a spectroelectrochemical cell hosted in a N 2 -filled, O 2 -free plastic bag. Pirin (500 μM) in 50 mM Tris·HCl (pH 7.4) was used in this study. The formal potential was obtained from the recorded cyclic voltammetry curves and reported in millivolts vs. Ag/AgCl reference.
EPR Spectroscopy. X-band EPR spectra were obtained in perpendicular mode on a Bruker EMX or E200 spectrometer at 100-kHz modulation frequency, using a high-sensitivity resonator ER4119HS. Low temperature (10 K) was maintained with an ITC503S temperature controller, an ESR910 liquid helium cryostat, and an LLT650/13 liquid helium transfer tube (Oxford Instruments). Measurements were conducted by maintaining the frequency of the electromagnetic radiation constant while the magnetic field was swept. Pirin (160 μL/sample, 200-450 μM) was prepared in quartz EPR tube with 20 mM Tris·HCl buffer (pH 7.4) containing 50 mM NaCl.
ICP-OES.
Metal contents of each pirin sample were determined by using a Spectro Genesis spectrometer (Spectro Analytical Instruments GmbH). Calibration curves were obtained by measuring the standards at the concentrations of each element at 0, 0.1, 0.3, 0.5, 1.0, and 10 ppm (mg/L).
Crystallizations and X-ray Structure Determinations. Pirin was crystallized through optimization of the conditions previously established (5) by hanging-drop vapor diffusion in VDX plates (Hampton Research). Single crystals suitable for X-ray data collection were obtained from drops assembled with 1 μL protein solution layered with 1 μL reservoir solution containing 0.1 M MOPS (pH 6.5), 15% PEG 20,000. Crystal growth took place in a vibration-free crystal growth refrigerator from Molecular Dimensions at 16°C. The crystals were mounted in small loops of fine rayon fiber and flash-cooled directly in liquid nitrogen after being dipped into the cryoprotectant solution that contained 0.1 M MOPS (pH 6.5), 17% PEG 20,000, and 30% ethylene glycol. Initial screening was carried out using a Rigaku MicroMax 007 HF Cu-rotating anode X-ray generator, operated at 40 V and 30 mA, and using a Saturn 944 CCD area detector. X-ray diffraction data were collected by either the Rigaku X-ray facility at Emory University or at the Southeast Regional Collaborative Access Team (SER-CAT) beamline 22-ID of the Advanced Photon Source (APS), Argonne National Laboratory, Argonne, IL. All data collection was performed at 100 K. The diffraction data were indexed, integrated, and scaled with HKL2000 (6). The structures were solved by molecular replacement, using the MOLREP program (7) of the CCP4 suite (8) In Silico Modeling of the Supercomplex. Rigid docking of pirin with p65 was conducted using the ZDOCK utility and server (http:// zdock.umassmed.edu) (12) . The PDB files of ferric pirin (PDB ID: 4EWA) and p65 (PDB ID: 1RAM) (13) were used in model building. The following assumption was applied to the model search: The interacting region is located on the C-terminal domain of the rel homology domain (RHD) of p65. Of the models generated by ZDOCK with the constraint that pirin must interact with the C-terminal domain of the RHD of p65, the top-ranked result shown in Fig. 6 involves the R-shaped area of pirin, which has been shown in the structural study to differ in conformation when the metal oxidation state changes or metal substitution occurs. The trends of the conformation changes are all the same, i.e., loops moving to one position over the other, when pirin becomes inactivated. Finally, the modeling results were further tested by sitedirected mutagenesis experiments. , water or hydroxide) of the solvent-derived ligands cannot be definitely determined by X-ray protein crystallography at these resolutions and they may be affected by the X-ray resource during data collections at 100 K. It should be noted that metal reduction might occur during data collections even with the in-house X-ray facility, consequently causing shifts in the metal ligands and bond distances. Thus, this comparison is intended only for illustrating a trend of changes at the metal center and it should be used with caution. Fig. S4 . The Fe center is connected to the pirin "active-site" residues (including Arg14, Arg23, Glu32, and Lys34) through a H-bond network. The metal ligand Glu103 is proposed to trigger conformation changes of the surface residues. Preparation of metal-free apo-pirin from a minimum medium and metal ion reconstitution are described in SI Materials and Methods. Values were obtained as average of three measurements with SEs less than 5%. The data are presented as molar ratio per pirin molecule. The well-aligned parts are shown in gray and in differences in color. The Mn(III) ion is hexacoordinate in the Mn(III)-pirin structure, which is more similar to that of the ferric pirin structure than the Mn(II)-and Co(II)-pirin structures. However, significant difference at the R-shaped region still exhibits, indicating that sole trivalent oxidation state is insufficient for making pirin active and the metal identity is of paramount importance. R merge ¼ Σ i jI hkl;i − hI hkl 〉j=Σ hkl Σ i I hkl;i , where I hkl,i is the observed intensity and ‹I hkl › is the average intensity of multiple measurements. ‡ R work ¼ ΣjjF o j − jF c jj=ΣjF o j, where jF o j is the observed structure factor amplitude, and jF c j is the calculated structure factor amplitude. § R free is the R factor based on 5% of the data excluded from refinement. R work ¼ ΣjjF o j − jF c jj=ΣjF o j, where jF o j is the observed structure factor amplitude, and jF c j is the calculated structure factor amplitude. § R free is the R factor based on 5% of the data excluded from refinement.
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Based on values attained from refinement validation options in COOT. 
